An inverse Doppler frequency shift of light, i.e., superlight inverse Doppler effect, is shown possible even in homogeneous media with positive-refractive index, contrary to the status quo ante. We show an example with graphene plasmons.
The Doppler effect is one of the most fundamental mechanisms in physics and has vast applications in fields as varied as weather and aircraft radars, satellite global positioning systems, blood flow measurement in unborn fetal vessels, laser vibrometry, and the detection of extrasolar planets. There is a century-old tenet that the inverse Doppler frequency shift of light is impossible in homogeneous materials with a positive refractive index. In this work, we break this long-held tenet by predicting a new kind of inverse Doppler effect of light, which occurs as long as the radiation source moves with a velocity larger than twice the phase velocity of light. We denote this as the superlight (i.e., superluminal) inverse Doppler effect. As background, ever since the classic work of V. L. Ginzburg and I. M. Frank (GF) in 1947 [1, 2] , it has been known that a "superlight [normal] Doppler effect" appears inside the source's Cherenkov cone when . Here we discover that the Doppler effects of light inside the Cherenkov cone should actually be divided into two categories, i.e., the superlight normal and superlight inverse Doppler effects.
Figure 1 Superlight inverse Doppler effect of graphene plasmons. A dipole with
THz moves parallel to a graphene monolayer surrounded by air. When , only the conventional and superlight normal doppler effects exist. When , the superlight inverse doppler effect also occurs. The chemical potential of graphene is 0.15 eV and the relaxation time is 0.3 ps. Here, and in the figure below, the frequency dispersion of graphene plasmons is considered and the effective refractive index of graphene plasmons is at 10 THz. The superlight inverse Doppler effect thus appears only when .
In order to illustrate the occurrence of the superlight inverse Doppler effect, figure 1 shows various Doppler effects of highly squeezed polaritons. The high effective refractive index of such polaritons [3] [4] [5] enables the superlight inverse Doppler effect to occur with a small value of (due to the condition of its occurrence ). As an example, figure 1 uses the surface plasmon polaritons (SPP) in graphene to demonstrate the superlight inverse Doppler effect at a small value of . Assume that the source is a dipole with THz, moving parallel to a graphene monolayer; the graphene has a chemical potential of 0.15 eV and a relaxation time of 0.3 ps. Then graphene plasmons have an effective refractive index at THz, where ( ) is the plasmonic wavevector parallel to the graphene plane. Using this wavevector, all the Doppler effects for graphene plasmons can be described by a single equation , where is the angle between and . When the minus (plus) sign is adopted, this equation characterizes the conventional (superlight normal and superlight inverse) Doppler effect of graphene plasmons. When , one has ( ), and thus there is only the conventional and superlight normal Doppler effects; see dashed lines in Fig. 1 . When , one has ; this way, the superlight inverse Doppler effect also emerges, as shown by the solid lines in Fig. 1  that cross The experimental observation of the superlight inverse Doppler effect from a moving source (such as that in Fig.  1) can benefit from the detection of the angular (i.e., -resolved) and spectral ( -resolved) energy density of the radiation, due to the dependence of the Doppler frequency shift on the radiation angle . This may be extremely complex. In order to facilitate the observation, it is thus beneficial to reduce this complexity with the design of a novel scheme that enables us to judge the type of the Doppler effect without the need to detect the radiation angle . Such a scheme is proposed in Fig. 2. Figure 2 computationally shows that it is possible to spatially separate the superlight inverse Doppler effect from other Doppler effects through the judicious design of the moving source. This makes the detection of this new phenomenon attractive and promising.
Finally, the novel dynamics of the superlight inverse Doppler effect will exist in virtually any wave system in nature, including classical wave systems such as sound waves and surface waves, as well as quantum wave systems such as the Dirac equation; all of which have shown the occurrence of the Doppler effect, and can now also support the superlight inverse Doppler effect.
